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Abstract. 

We discuss decrease of coherence in a massive system due to the emission of gravitational 
waves. In particular we investigate environmental gravitational decoherence in the context of an 
interference experiment. The time-evolution of the reduced density matrix is solved analytically 
using the path-integral formalism. Furthermore, we study the impact of a tensor noise onto the 
coherence properties of massive systems. We discuss that a particular choice of tensor noise 
shows similarities to a mechanism proposed by Diosi and Penrose. 


1. Introduction 

In recent years, there has been a growing interest in testing gravitational decoherence or possible 
gravitational effects on quantum mechanics (QM) in condensed matter and quantum-optical 
systems mmm- Decoherence can be studied in the framework of quantum mechanics and it 
does not require any additional assumptions. The dynamics of a system which is coupled with 
the environment follows from the Schrodinger equation. An observer who has only access to 
system degrees of freedom observes a nonunitary dynamics which can be obtained by tracing out 
the environmental degrees of freedom from the total density matrix. This averaging generically 
reduces the coherence of the reduced density matrix describing the system. Thus, a part of 
the phase information is distributed over the environmental variables. Whether the phase 
information can be restored or not depends crucially on the form of the coupling and the 
properties of the environment. We will address decoherence via emission of gravitational waves 
in section [21 

Interestingly, it has also been argued that gravity might lead to a loss of coherence which 
cannot be discussed in terms of standard quantum mechanics HOTHEiEiiiniin]- A prominent 
example of this “intrinsic decoherence” was discussed in [U (3 0- There, it was argued that 
superpositions of static configurations have finite life-times and decay on a time-scale T 1 /E g , 
where E g denotes the gravitational self-energy of the difference of the mass-distributions which 
are involved in the superposition. The main motivation for such an effect is the lack of a 
canonical time-like killing vector when superpositions of space-times are considered. In section 
d we want to address the question whether it is possible to derive such a decoherence rate from 
a tensor noise model. We point out several problems which come along when one introduces a 
tensor noise “by hand”. 


2. Environmental gravitational decoherence 

Every physical system is coupled to gravity via its energy-momentum tensor. In the weak- 
held limit, the metric g^ u can be expanded around the Minkowski background according to 
g^u = + h^. The resulting action is quadratic in the metric perturbations h^. Using the 

path integral formalism, the influence functional can be evaluated exactly. When the metric 
perturbations have a time-dependent quadrupole moment, the environmental modes can carry 
away phase-information about the system which will lead to a real loss decoherence m- In the 
following, we discuss the loss of coherence of a particle which does not move on a geodesic and 
radiates gravitational waves. The analogue effect in electrodynamics due to emission of photons 
(bremsstrahlung) has been studied in [131 EJ • 

2.1. Influence functional 

In this section, we follow notations used in m- The total action of a mass distribution which 
is centered around xo and coupled to gravity can be written as 

S — Ssys(^o) T ‘S'g rav (/l^ tI /) T <Si n t ( h^i/ , Xo). (1) 

The action «S , grav (/i A1I/ ) contains in general also gravitational self-interaction terms which are 
of higher order and will not be considered here. We choose the transverse-traceless gauge, i.e., 
hon = h l \ = hl i = 0. Then the graviton action adopts the simple quadratic form 

-WV) = J^qJ d A xh^ a h^ a = ^J dtxidthij&W - h ij}k h^ k ). (2) 

The interaction between the energy-momentum tensor T^ 0 of the system and the external 
graviton field is bilinear, i.e., 

S , int(V'’X ; o) = J d A xhijTf J Q . (3) 

Here only the spatial components of the energy-momentum tensor contribute due to the 
gauge choice above. The graviton held can be expanded into plane waves according to 

/ (jS Jst ^ / \ 

4( k ) (?«(*) cos(k • x) + q*(t) sin(k • x)J (4) 

where we introduced the transverse-traceless polarization tensors e^-(k). The time-evolution of 
the system’s density matrix is determined by the action <S' sys (xo) and the influence functional 
.F(xo, Xq). Then the propagator of the reduced density matrix is given by 

/ / /‘ x 0,f / 

W(x 0 ,i,x 0 ,f,Xo,i’ x 0 ,f)= Dx 0/ T>Xoexp(i5 sys (x 0 ) - *S' sys (x / 0 ))J'(xo,x / 0 ) (5) 

Jx-O.i dx' Qi 

where the subscripts i, f indicate the initial and final values respectively. The influence functional 
adopts the explicit form 
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with the correlation functions 


C f rfik 

lij,ki( x ~ x ') = 8^2 / -|^rsin(|k;|(t-t , ))e lk ' (x_x) n ij , w (k), 

Vij,ki( x ~ x 0 = ^/^ c ° S (l k l(.-0) cot h («) e -^ n ^( k ). ( 7 ) 

We assumed the environmental modes to be in a thermodynamical state with the inverse 
temperature (3. The sum over polarizations gives the polarization tensor e^ (k)e^*(k) = 

U ijM (k) = P ik Pji + PuPjk ~ PijPki where the projection operators are Pij = 5ij - Mf-. 


2.2. Time-dependent behaviour of decoherence functional 

The real and imaginary parts of the phase <f> in the influence functional ([6]) lead to dissipation 
and decoherence, respectively. In this section, we calculate 


lm(0) 
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( 8 ) 


from which the dependence of the decoherence rate on the various parameters of the model 
follows. As particular example, we discuss the evaluation of ((HJ) using an interference device 
setup (Figure [T]). A matter distribution is in superposition of either following a right trajectory 
xo (blue) or a left one x' 0 (red). For a small angle 8, Figure|T]can be interpreted as the double-slit 
experiment, whereas 9 = % corresponds to an interferometer. On both trajectories, the system 
changes its direction at time t = t^ick due to a slit or mirror. The energy-momentum tensor of 
a particle in flat space-time takes the form 


T^ u (r) = 
part,xo \ a '/ 


V 1 - l v o(i )| 2 


5 a (x - x 0 (f)) 


(9) 


with the velocity vector v^{t) = (l,vo(i)). We assume that a particle is smeared out over a 
space-region determined by < 7 , i.e., 5 a (x) = W 2 ex P 

It is well-known that the divergence equation of the energy-momentum tensor gives the 
geodesic equation with respect to the background space-time. However, the two possible 
trajectories of a particle in Figure |T] do not correspond to geodesics in Minkowski space-time, 
hence d u T^ rt ^ Q / 0. Generally, one would need to model a mirror, the interaction between 
a particle and a mirror and the interaction of gravity with the particle-mirror system. Here, 
we follow a simpler approach by adding momentum densities which kick a particle at t = tkick- 
Thus, our system can be described now as “particle + momentum density such that the energy- 
momentum tensor is divergence-free along the trajectories”. In particular, we choose 



= -m/^- *„(<*))£ ( vl !, ( v 3 o ) M|2 ) ■ (i») 
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The time-time component T^ om (x) can be chosen such that 

MT*° om , X0 (x) +T p a ° rt , X0 (x)) = 0. 


( 12 ) 
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Figure 1. Typical trajectories 
followed by a system in a quantum 
superposition experiment [13 El- 
In this diagram, t = fkick = -y • 


Figure 2. The dependence of decoherence rate on 
velocity v of an object with temperature of gravitational 
waves T = IK and T = 10“ 10 K. We chose the mass of 
an object m = 10~ 5 kg. 


The additional momentum densities ensure that the divergence of the energy-momentum 
tensor = T^ rt XQ + Tmom,x 0 vanishes along the trajectory. 

In order to obtain an interpretation of the momentum densities introduced, let us consider 
vo(s) = ui(s)x+t> 2 y with ui(s) = v sin(0/2)0(tkick — s )—v sin(0/2)0(s—tkick) and V 2 = ucos(0/2). 
Then we have 


r l d 

-m ds5 a (x — x 0 (s)) — 
J — OO 


ds W 1 - I v o(s)| 2 


2 mv sin(0/2) 
y/1 — v 2 


9(t-t 0 )5 a (x-x 0 (t 0 )). (13) 


We interpret this expression as follows: When t < tkick) a particle moves straight in positive 
x- and y-directions. At time fkick- it gets a momentum transfer which changes its velocity in in¬ 
direction from usin(0/2) to —usin(0/2). This corresponds to the right trajectory xo in Figure[TJ 
A left trajectory Xq which has a kick at fkick towards the right can be constructed in the same 
way by defining v' 0 (s) = —v\ (s)x + U 2 y. 

By substituting = Tp^ t + T£ o m , xo into © and evaluating the thermal part of the 
expression (|8]) along the trajectories, we find for velocities t)< 1 
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where T is a time when two trajectories meet again. With an angle 0 < 9 < n, the effect is 
approximately proportional to u 4 . The authors of m found the same velocity-dependence in 
the non-relativistic single-mode limit from a master equation approach. When irT/(2f3) 3> 1 
and 9 = 7r/2, we have 
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The decoherence factor Irn(0) vanishes when two trajectories are parallel 0 = 0, that is, the 
trajectories coincide with each other. With 9 = it, lrn(0) is proportional to u 6 , 
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Apart from thermal gravitational waves, vacuum fluctuations also contribute to the 
decoherence rate. For realistic parameters, this contribution is very small that it can be 
neglected. Its expression diverges logarithmically with the inverse of the spread of the mass 
distribution, 1/a. 

In Figure 2, we plotted the decoherence rate with the temperature of the gravitational 
waves being IK and 10 -10 K. Since gravitational waves decoupled earlier from photons and have 
therefore a lower temperature than the Cosmic Microwave background. However, the actual 
temperature of the thermal gravitational waves background can be much lower and it depends 
on the details of reheating after inflation m Here, we assume a thermal contribution with 
IK as the upper bound and vacuum contribution would be the lower bound on the decoherence 
rate. 


2.3. Gravitational radiation 

We claim that the decoherence effect comes along with the emission of gravitational waves. The 
emitted energy of a particle along one of the trajectories depicted in Figured] can be calculated 
classically. The emission occurs when the direction of a particle is changed by a mirror. As 
long as the emitted radiation can be distinguished for trajectories, the environment measures 
which path a particle is moving to some extent, and this leads to environmental gravitational 
decoherence. 

For a trace-reversed perturbation, hf™ 1 = — h pert ?? A1I/ /2, the solution to the linearized 

Einstein equations gives the expression 

h^(t, x) = 4 G [ d 3 y Tllu{t ~ l *~ yly) . (17) 

j i x y i 


When the particle is slowly moving, the far field is dominated by quadrupole moment tensor 
Iij = J d 3 x x*x J Too )X o(x). In terms of the trace-free quadrupole moment, Jjj = Uj — 8ij5 kl Iki/3, 
the emitted power is 


P(t,r) = 


G d 3 Jjj(t — r) d 3 J^(t-r) 
5 dt 3 dt 3 


Here we will assume a smooth trajectory of a particle which moves along one path 


(18) 


v 0 (f) = vsin(6/2)[f{t,0) - 2/(f,T/2) + f(t,T)]it + ucos(0/2)[/(t,O) - f(t,T)\ y (19) 


with f(t,s) = (tanh((f — s)/to) — 1)/2. The time to determines how fast the direction of a particle 
is changed at a mirror, how fast a particle is accelerated initially from a source and decelerated 
at a detector finally. In the limit T to, the radiated energy is crucially determined by to, 


E ~ 


v A Gm 2 


( 20 ) 


For vacuum fluctuations, the minimal possible time to is determined by the extension of the 
particle, that is to, min ~ cr. For finite temperatures, the effective cutoff of the gravitational 
modes is determined by 1//3, so one should expect to, min ~ /3- 


3. Tensor noise model 

It has been argued that the incompatibility between general relativity and quantum mechanics 
may lead to a form of intrinsic decoherence mum- Such an effect, if it exists, is not related 
to any form of environmental degrees of freedom which carry away phase information from the 





system. The conflict between the principle of general covariance and the superposition principle 
of quantum mechanics is fundamental: When gravity is dynamical, the geometry of space-time 
must depend on the quantum state of the matter which it contains. Thus, different matter states 
live in different space-times which cannot be identified pointwise with each other. One might 
argue that the difference of three-forces in the superposed space-times give an estimate for the 
typical life-time of a superposition. This life-time t = 1/T is given by ~ 1 / E g with 


E g = j ci 3 x(f(x) - f'O)) • (f(x) - f'(x)) 

J [p(x)-p , (x)][p(x')-p'(x / )] 


= —47 tG / dx.dx. 


x — X' 


( 21 ) 


Although the relation (12111 has not been derived from fundamental physics and although 
it is not clear yet, whether an intrinsic decoherence exists in nature at all |18j . we want to 
address the question, whether this decoherence rate can be derived in some limit from a noise 
model. Scalar noise models have been studied in the literature, see, for example [19]. However, 
we want to couple the energy-momentum tensor to the noise which requires a tensor random 
current. Furthermore, we assume that the life-time (1211) is the Newtonian limit of a more general 
expression. A possible generalization would be 


r 



dx 


dx'T^x, t)D pu ’ Xp {x - x', t - t')T Xp (x .', t') 


( 22 ) 


where D pU) \ p is the Green’s function for linearized gravitational waves. Since D pUt \ p is not 
positive definite, we are immediately confronted with a problem: The expression (1221) can also 
adopt negative values, which invalidates the interpretation of a decoherence rate. In the context 
of quantum mechanics, this would violate the positivity of the density matrix since the off- 
diagonal elements would be unbounded, 


(*l p(. T )\j) ~ exp 



dtT(t) 


mm, 




(23) 


However, it might be possible that terms such as (1211) or (1221) are only a part of a more general 
positive definite quantity. The simplest covariant terms which can be added to the Fierz-Pauli 
action take the form 


Sj = J d\r {ah pv + bT pu ) (24) 

with arbitrary constants a and b. Here we introduced the tensor noise j pu which couples to 
the linearized gravitational field and to the energy-momentum tensor. The first term would 
correspond to a stochastic contribution of the energy-momentum tensor whereas the second 
part resembles stochastic gravitational fluctuations. The gauge-invariance of the graviton field 
requires d p j pu = 0. Furthermore we assume the Gaussian distribution V of the tensor noise to 
be 


V\j p „\ = — exp 



(25) 


Contrary to section [2] we will use the de-Donder gauge. This includes also the instantaneous 
interaction between stationary matter distributions in addition to the radiation part of the 
gravitational perturbations. After performing the integrals over j pv and h pu , additional 





contributions to the influence functional arise due to the presence of the noise. In the non- 
relativistic limit, we find for large times the expression 

F = Fq x exp [-(Id + r 2 + r 3 )T] , (26) 

where J-q denotes the influence functional due to gravitational waves. Assuming an energy- 
momentum tensor of the form = pu^u^, the decoherence rates Tj have a simple 

interpretation. Ti measures the difference of the Newtonian gravitational potentials in the 
respective spacetimes, 

U = / <* 3 *(4>(x) - 4>'(x)) 2 . (27) 

T 2 is equal to the expression (1211) up to a numerical factor and accounts for the difference of 
the Newtonian forces, 


r 2 = -^ J d 3 x (f(x) - f'(x)) • (f(x) - f'(x)) . (28) 

Dimensional arguments might suggest that ab ~ k. Finally, T 3 incorporates the difference of 
the mass densities, 

r 3 = J J d 3 x(p(x.) - //(x)) 2 . (29) 

It is not yet clear whether this result is a gauge-independent statement. The time-evolution 
of the density matrix requires a definite choice of the time-parameter t. (We are not interested in 
scattering matrix elements where the interaction decreases adiabatically to zero for t — > ±oo and 
Lorentz-invariant quantities can be defined.) A change in the time-parameter, corresponding 
to an transformation of the metric components, might alter the expression for the decoherence 
rate. 

4. Conclusion 

We studied the decrease of coherence due to the emission of gravitational waves and gave an 
estimate for the emitted gravitational energy. The dominant contribution of the decoherence rate 
is given by thermal gravitational waves. Due to the smallness of the gravitational interaction, 
this effect is negligible for elementary particles. If it would be possible to send an object with 
mass m = 10~ 6 kg and velocity v = 10 5 m/s through an interferometer, the decoherence rate 
would be roughly T = 3s -1 with temperature of gravitational waves being IK. 

Furthermore, we discussed a tensor noise model which partly resembles, in the Newtonian 
limit, a form of intrinsic decoherence which was discussed in the literature before. 

The coherence decrease due to this noise model depends on the difference of the mass density, 
the gravitational potential and the Newtonian 3-force of the superposition. 
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